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ABSTRACT
An almost complete cranium of a juvenile individual from the late Early Pleistocene site of Buia, in 
the northern Afar (Danakil) Basin in Eritrea, reveals a different growth pattern of the extinct spe-
cies Hippopotamus gorgops Dietrich, 1928 compared to the extant species Hippopotamus  amphibius  
Linnaeus, 1758. The specimen shows important cranial features of Hip. gorgops (also visible in adult 
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specimens), with a derived cranial anatomy that is related to the specialization to a more aquatic life 
style than other species of Hippopotamidae: elevated nuchal and sagittal crests, strongly elevated 
orbital cavities, short neurocranium and elongated palate. A geometric morphometrics analysis was 
performed in the lateral view on skulls of Hip. gorgops and Hip. amphibius, to investigate size-shape 
relationship and to compare ontogenetic growth trajectories between both taxa. The study revealed that, 
during growth (increase in size and age), variations in skull shape are prominent in Hip. amphibius; 
juvenile and adult individuals of Hip. gorgops display strong morphological similarities but size and 
shape are poorly correlated. The results support the hypothesis that in a relatively early ontogenetic 
stage, Hip. gorgops was more specialized in its aquatic adaptation than Hip. amphibius.

RÉSUMÉ
Modèle ontogénétique d’ Hippopotamus gorgops Dietrich, 1928 révélé par un crâne juvénile du site 
paléoanthropologique de Buia (Érythrée) daté d’un million d’années.
Un mode de croissance dans l’ontogenèse de l’espèce éteinte Hippopotamus gorgops Dietrich, 1928, 
différent de celui de l’espèce actuelle Hippopotamus amphibius Linnaeus, 1758, est révélé par un crâne 
presque complet d’un individu relativement juvénile en provenance du site paléoanthropologique du 
Pléistocène inférieur final de Buia, dans au nord du bassin  Afar (Danakil), en  Érythrée. Ce spécimen 
montre certaines des caractéristiques crâniennes les plus importantes de Hip. gorgops (comme on le 
voit sur les spécimens adultes), avec une anatomie crânienne dérivée qui est liée à la spécialisation à 
un habitat plus aquatique que les autres espèces de ce clade : crêtes nucales et sagittales élevées, cavités 
orbitales très élevées, neurocrâne court et museau allongé. Une analyse de morphométrie géométrique 
a également été réalisée en vue latérale sur des crânes de Hip. gorgops et Hip. amphibius, afin d’étudier 
la relation taille-forme et de comparer les trajectoires ontogénétiques de croissance entre les deux 
taxons. L’étude a révélé que, pendant la croissance (augmentation de la taille et de l’âge), les variations 
de forme du crâne sont importantes chez Hip. amphibius, tandis que les individus juvéniles et adultes 
de Hip. gorgops présentent de fortes similitudes morphologiques, alors que la taille et la forme sont 
mal corrélées. Les résultats confirment l’hypothèse qu’à un stade ontogénétique relativement précoce, 
Hip. gorgops était plus spécialisé à son habitat aquatique que Hip. amphibius.

INTRODUCTION

The fossiliferous area of Buia (100 km south of Massawa, 
northern Danakil Depression, Eritrea) (Fig. 1) was discovered 
in 1995 during a preliminary geological survey under the aegis 
of a collaborative research program between the Department 
of Mines (Eritrean Ministry for Energy and Water Resources, 
Asmara) and the Department of Earth Sciences of the University 
of Florence. Studies were carried out in the area during several 
field seasons in 1995-1997 and 2003-2004, also involving 
research teams from the National Museum of Eritrea as well 
as other Italian and European institutions.

These activities led to the discovery of a new important 
paleoanthropological site at Buia (Abbate et al. 1998; Rook 
et al. 2002; Zanolli et al. 2014), where an abundant fossil 
vertebrate collection was recovered (Ferretti et al. 2003; Del-
fino et al. 2004, 2018; Martínez-Navarro et al. 2004b, 2010; 
Rook et al. 2010, 2013; Medin et al. 2015). A large number 
of archaeological localities with extraordinarily abundant and 
well-preserved Mode 1 (Oldowan) and Mode 2 (Acheulean) 
tool industries (Martini et al. 2004) were also identified in 
this area.

The chronology of the site has been established at around 
1.0 Ma, inside the normal subchron Jaramillo by paleomagne-
tism analysis (Abbate et al. 1998; Albanielli & Napoleone 2004; 
Ghinassi et al. 2015) coupled with mammal biochronology 
(Ferretti et al. 2003; Martínez-Navarro et al. 2004b), and 

fission-track dating (Bigazzi et al. 2004). Most of the infor-
mation from the site is included in the monographic volume 
entitled “A step towards human origins: The Buia Homo one-
million-years ago in the Eritrean Danakil Depression (East 
Africa)” edited by Abbate et al. (2004a), as well as in recent 
reviews of the detailed stratigraphy, sedimentology, tecton-
ics, and geological mapping of the area (Ghinassi et al. 2009, 
2013, 2015; Papini et al. 2014; Sani et al. 2017; Scarciglia 
et al. 2018).

Hippopotamids are the most abundant large mammals at 
the Buia site (see Martínez-Navarro et al. 2004b), and they 
also dominate many other eastern African Plio-Pleistocene 
assemblages (see Coryndon 1976; Géze 1980, 1985; Harris 
et al. 1988; Harris 1991; Boisserie 2002, 2005). At Buia, two 
species have been reported (Martínez-Navarro et al. 2004b): 
Hippopotamus gorgops and Hexaprotodon sp. (preliminarily 
referred to Hexaprotodon karumensis Coryndon, 1977  in 
Abbate et al. 1998). The latter corresponds to a small-sized 
hippopotamid lineage, relatively common in the eastern African 
assemblages, but rare in the Pleistocene of the Afar region. Its 
description is based on few postcranial elements, especially 
on the left talus (MHB 5) and on the right magnum (DAN 
246) (see Martínez-Navarro et al. 2004b: fig. 7).

The last occurrence of small-sized (not insular) hippopotamids 
in the Afar region is seen in the recently described species 
Hexaprotodon bruneti (Boisserie & White, 2004) from Maka 
and Bouri Peninsula (Ethiopia). It is found in a chronology 
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around 2.5 Ma and characterizes the Pliocene/Pleistocene 
transition (fixed at 2.588 Ma by the International Commission 
on Stratigraphy). Hexaprotodon bruneti is possibly an immigrant 
that would belong to the well-known clade of Asian origin 
of which Hexaprotodon sivalensis Falconer & Cautley, 1836  
from the Siwaliks is the representative species. Along with 
another late Miocene hippopotamid from Toros-Ménalla in 
Chad, Hex. bruneti from the Afar region is the only species of 

the genus Hexaprotodon in Africa (Boisserie & White 2004; 
Boisserie et al. 2005). This Asian genus has no continuity 
during the Pleistocene in the Afar region or elsewhere in the 
continent (Boisserie 2005).

This clade is different to all the other small-sized continental 
African hippopotamids, which have an African origin and 
evolution. It does not fit the diagnosis of the genus Hippopotamus. 
Then, it is included, until it is described, in an indetermined 
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genus called aff. Hippopotamus (Boisserie 2005), together with 
the species aff. Hippopotamus karumensis, a particularly large 
species, and aff. Hip. aethiopicus.

In accordance with Boisserie (2005), we consider that the 
small-sized continental form of hippopotamid from Buia can-
not be included in the genus Hexaprotodon, which is largely 
of Asian origin, and probably it has to be included in the still 
undescribed taxon of eastern African origin aff. Hippopotamus.

In this research, we concentrate the study on a mostly com-
plete cranium of a juvenile individual of the largest species of 
hippo, Hippopotamus gorgops, which is a common taxon in 
Africa well documented in several localities of the Turkana 
Basin (where it is reported from the Plio-Pleistocene transi-
tion to the early middle Pleistocene: Dietrich 1926, 1928; 
Harris 1991; Weston & Boisserie 2010), in the Western Rift 
(Faure 1994; Weston & Boisserie 2010) as well as in the 
middle Pleistocene of South Africa (Cornelia: Hooijer 1958) 
and, outside Africa, in the early Pleistocene of the Near East 
(Ubeidiya in Israel; Faure 1986).

Here, we present a geometric morphometrics comparative 
study performed in order to investigate size-shape relation-
ship between Hip. gorgops and Hip. amphibius and to compare 
variations in skull shape between the two taxa during the 
considered ontogenetic stages.

THE JUVENILE HIPPOPOTAMUS  
GORGOPS CRANIAL SPECIMEN DAN-213

Geological setting and stratigraphic  
frame of the locality A037
The juvenile cranial specimen DAN 213 was found at local-
ity A037 (Buia Project site code); UMTS coordinates 37P 

E601107 N1628110; Buia basin, south of Dandero river, 
Danakil depression, Eritrea (Fig. 1). It comes from the upper 
part of a small hill located in the central part of the Dandiero 
Basin (Abbate et al. 2004a; Papini et al. 2014), about 100 km 
south of the Gulf of Zula (Fig. 1A). 

The Dandiero Basin succession consists of three unconform-
ity bounded units: Maebele Synthem, Curbelu Synthem and 
Samoti Synthem. The Maebele Synthem (about 300-400 m 
thick) contains six lithostratigraphic units, from bottom to 
the top (Fig. 1B): fluvial Bukra sand and gravels, fluvio-deltaic 
Aalat Formation, fluvial Wara Sand and Gravel, lacustrine 
Goreya Formation, fluvio-deltaic Aro Sand and alluvial fan 
Addai Fanglomerate. The sand and silt alluvial deposits forming 
the site that provided the juvenile cranium of Hippopotamus 
gorgops belong to the fluvio-deltaic Aalat Formation (Ghinassi 
et al. 2009; 2015), which was accumulated almost during the 
Jaramillo Subchron (Abbate et al. 2004b; Ghinassi et al. 2015).

The sedimentary succession exposed in the surroundings of 
the study site in affected by numerous E-W trending normal 
faults (Fig. 2A), which hinder a detailed correlation of the 
stratigraphic surface over long distances. The study hill is 
made of two parts separated by an E-W trending fault. The 
southern part consists of barren silty sand deltaic deposits 
(Fig. 2), whereas the northern part is formed by fossil-rich 
alluvial sand and silt. In particular, two main intervals can 
be distinguished in this northern part (Fig. 2A, D). The 
lower interval is made of massive, bioturbated mud, which 
bears evidence of intense pedogenesis. Tabular beds of fine 
to medium sand (3-15 cm thick) are interbedded within the 
mud. These layers are commonly massive because of intense 
pedogenesis, although faint of ripple-cross lamination can be 
locally distinguished. Lensoid bodies with erosive, concave 
upward base and flat top (0.3-0.5 m thick and 5-10 m wide) 
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Fig. 3. — Landmark configuration of Hippopotamus Linnaeus, 1758 skull in lateral (mostly derived from van der Geer et al. 2018): 1, parietal-temporal-occipital 
suture; 2, posterior border of the nuchal crest; 3, tip of postorbital process; 4, lacrimal; 5, anterior projection of zygomatic process of temporal bone; 6, mastoid 
process; 7, join point between zygomatic arch and maxilla; 8, the most anterior element of the premolar series; 9, posterior point of incisive at the incisive maxilla 
suture; 10, top of the orbit; 11, top of the nuchal crest. Scale bar: 10 cm.
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can be locally present. These bodies show a fining upward trend, 
from medium to fine sand and are commonly characterized by 
a low-angle (10-15°) cross stratification. Sedimentary feature 
of these deposits are indicative of an alluvial-plain setting 
(Bridge 2003), where sand transport in isolated channels gave 
rise to the lensoid sedimentary bodies. In this frame, episodic 
flood events allowed spreading of the sandy bedload onto 
the overbank areas, giving rise to the tabular sandy beds (i.e., 
Willis & Behrensmeyer 1994; Ghinassi et al. 2005). Mud 
sedimentation occurred in ephemeral ponds developed after 
the main flood events. The upper part of the hill consists of 
well-stratified sandy deposits overlaying a markedly erosive 
surface cutting the muddy overbank of the lower interval. 
Such an erosive surface is floored by pebble-rich, coarse sand, 
which provided abundant fossil bones (Fig. 2C), including the 
specimens showed in this study. The overlying sandy deposits 
are mainly made of plane-parallel and trough-cross stratified 
beds up to 80 cm thick (Fig. 3D). These beds are 10°-20° 
inclined (Fig. 2B), and their dip is commonly transverse to 
the main palaeoflow documented by cross-stratification. These 
sandy deposits were accumulated in a fluvial channel setting as 
sandy channel bars (Bridge 2003). The basal fossil-rich sandy 
interval is interpreted as channel lag (Fidolini et al. 2013), 
which was formed by accumulation of the coarser particles 
under tractional conditions.

As attested in previous papers (Martínez-Navarro 
et al. 2004b), fossil remains ascribed to Hippopotamus gorgops 
are found at other localities of the Buia Basin. Specimens from 
the area of A037 site (south of Dandero river) are labeled as 
DAN#, while those coming from the Wadi Aalad hominin 
site (37P E600710 N1632638) are labeled as UA#; finally, 
specimens labeled as MHB#, comes from site N277 (37P 
E601527 N1623811), south of Mahabale stream (Fig. 1A, B). 
The three sites are correlated on the basis of lithostratigraphy 
(Aalat Fmt.); Dioli A037 and Wadi Aalad Homo site are also 
correlated on the basis of their paleomagnetic signature.

Geometric morphometrics and allometry

Material
We collected images from 42 skulls of Hippopotamus (39 
Hip. amphibius, 3 Hip. gorgops) in lateral view, mainly from 
original photos (Appendix 1). The lateral view better describes 
variation in shape of skull within Hippopotamidae and their 
specialization to different life-styles (Pandolfi et al. 2020). Fossil 
Hip. gorgops is poorly represented by complete skulls, and juvenile 
individuals have been never described before this work. Thus, 
the specimen here reported represents an important contribu-
tion to increase the available dataset and to compare allometry 
between the two considered taxa. The dataset of Hip. amphibius 
includes a representative sample (39 specimens) with adult and 
juvenile individuals, mainly from the Congo river (Appendices) 
and housed at Royal Museum for Central Africa (RMCA), in 
Bruxelles. Appendices reports the specimen list, the number of 
individuals for each species, the estimated age-group as well as the 
list of institutions from which the images used for shape acquisi-
tion were collected. In addition, the values of PCs and Centroid 
Size are also reported for each specimen in order to provide a 
comparative sample that could be used for additional analyses.

Relatively class age has been calculated for each specimen, fol-
lowing dental eruption pattern. We used the class ages reported 
by Laws (1968); thus, we estimated the class age for each skull 
with associated mandible. Due to collection management or 
sample collection, some skulls were provided without relative 
mandibles. In this case we estimated the class age by compar-
ing the upper teeth eruption and wear with aged skulls. Finally, 
we considered the skulls with fully erupted and worned M3s 
(from 15 to 19 in Laws 1968) as belonging to the same group 
of adults (Class 15; Appendices). Images of upper tooth series 
for each considered class age are reported in the Appendix 2.

Methods
We digitized 11 homologous anatomical landmarks in lateral 
view on each specimen (Fig. 3), using the tpsDig2 v2.17 

A

C

E

B

F

D

Fig. 4. — Cranium DAN-213 from Dioli, juvenile specimen of Hippopotamus gorgops Dietrich, 1928: A, right lateral view; B, upper view; C, left lateral view; D, lower 
view; E, posterior view; F, anterior view. Scale bar: 10 cm.
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software (Rohlf 2013). Rostral region is often damaged, 
or entirely lacking, therefore it is excluded from the shape 
configuration. We followed the protocols of Marcus 
et al. (2000) and Mullin & Taylor (2002) to minimize 
parallax and measurement error on the photographs. Scale 
bars were used to scale each digitized specimen. In order 
to eliminate inter-observer error, the same operator (L.P.) 
digitized the entire landmark dataset. All the analyses have 
been performed in R workspace. Generalized Procrustes 
Analysis (GPA) (Bookstein 1986; Goodall 1991), implemented 
in the procSym() function from the R-package “Morpho” 
(Schlager 2014), was used to rotate, translate and scale 
landmark configurations to unit centroid size (CS: the square 
root of the sum of squared distances of the landmarks from 
their centroid) (Bookstein 1991). After GPA, a Principal 
Components Analysis (PCA) was performed in order to 
visualize orthogonal axes of morphological variation. Centroid 
size (CS: the square root of the sum of squared Euclidean 
distances from each landmark to their centroid; see below) 
is used as a measure of overall skull size. In order to visualize 
shape changes in ordination plots we adopted the method 
described in Márquez et al. (2012). Relationship between shape 
and size has been investigated following the method proposed 
by Mitteroecker et al. (2004). Procrustes shape variables 
have been decomposed into a CAC (common allometric 
component, which is the scaled vector of regression slopes 
estimated using a pooled regression of the shape variables 
on the log centroid size) and a RSC1 (first residual shape 

component, which describes the nonallometric component 
and is the PC1 scores of the residuals of the pooled regression 
analysis) (see Mittoeroecker et al. 2004; Aristide et al. 2019). 
The two new variables have been plotted for each considered 
specimen. Relationship between allometric shape and size 
has been also investigated plotting the CAC value and the 
CS. Correlations have been tested using the functions lm(), 
cor.test() and adonis().

Abbreviations
CAC	 Common allometric component;
CS	 Centroid size;
GPA	 Generalized Procrustes Analysis;
PCA	 Principal Components Analysis;
RSC1	 First residual shape component.

MORPHOLOGICAL DESCRIPTION  
AND COMPARISONS OF THE JUVENILE  
CRANIAL SPECIMEN DAN-213

Specimen DAN-213 is an almost complete cranium (Fig. 4). 
Biometric data of the specimen are provided in Table 1. As 
all the other specimens from the Buia site collection, it is 
housed at the National Museum of Eritrea (Asmara, Eritrea).

It was found in two different pieces at the same site by one 
of us (LR), the nasal and palate region in the 1997 season, and 
the neurocranium in the 2004 season. After preparation and 
cleaning of both specimens, they fit perfectly together along a 
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para-coronal plane fracture at the level of mid/M1s and there 
is no doubt that they belong to the same individual (Fig. 4).

Although juvenile, the specimen represents a large sized 
individual. The neurocranium is high and antero-posteriorly 
shortened as it is in the adult individuals of Hip. gorgops and 
the European species Hip. antiquus (Mazza 1991; Martínez-
Navarro et al. 2015; Pandolfi & Petronio 2015; Pandolfi 
et al. 2020); nuchal and sagittal crests oriented backward; 
pronounced temporal crests; occipital transversely narrow 
and high, with the occipital condyles slightly more promi-
nent than in the juveniles of similar age in the extant species 
Hip. amphibius; lacrimal bones connected with the nasals; 
nasals extend to the posterior levels of the orbits; basioccipital 
thick at the posterior tuberosities and thin at the anterior ones; 
mastoideus and paraoccipital processes well marked; zygo-
matic arches antero-posteriorly elongated and medio-laterally 
compressed; orbital cavities very elevated, periscopic, more 
than in Hip. amphibius, as in the adults of Hip. gorgops and 
Hip. antiquus, which also have similar anatomy in the sagittal 
and nuchal crests; nasal region low and palate proportionately 
much more elongated than in juveniles of Hip. amphibius, 
with the maximum compression at the diastema between the 
P2 and the DP3; infraorbital foramen very small and situated 
above the DP3. Unfortunately, the premaxillary bone is not 
preserved and neither the upper incisors (nor alveoli) are 
present, but the left and right C, P1, P2, DP3, DP4, M1, and 
erupting M2 are all in position. A peculiar characteristic of 
the specimen is the occurrence of a large diastema between 
the P1 and P2, and especially between the P2 and DP3.

Dentition

Canines
It is not clear if they are deciduous or adult canines. Although 
they are small and show a deep and marked posterior groove, 
probably they correspond to the apical region of the adult 
canines, that normally in the extant species H. amphibius 
born at a very juvenile age, in between one and three years 
old (Laws 1968).

Premolars
P1s are caniniform with a single cusp and absence of cingulum, 
placed approximately halfway between the likely position of 
the incisors and the second premolars; P2s have a single main 
cusp, with a strong posterior cingulum and a thin labial one. 
They have a crest orientated diagonally (mesiolingually-disto-
labially). DP3s are bilobed, deeply worn and badly preserved. 
DP4s are, also, deeply worn, bilobed, with a marked cingulum 
in the labial face and a very small one (or practically absent) 
on the lingual face, and with the bucco-lingual diameter of 
the mesial lobe smaller than the distal one.

Molars
M1s show their mesial lobe is relatively worn out, and the distal 
one in the first face of worn (see class ages in Appendix 2), 
both (right and left) are damaged because of the fracture of 
the cranium in two parts running on a para-coronal plane at 
the level of mid/M1s, the molars are clearly not brachydont, 
and possess a small posterior cingulum and a thin lingual 
cingulum; M2s are still erupting from their alveoli.
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The ontogenetic age of the individual is difficult to calcu-
late. It has been compared with the groups of age described 
by Laws (1968), showing that based on the presence of the 
adult canine, first and second premolars, the deciduous third 
and fourth, the stage of wear of the first molar, and the stage 
of eruption of the second molar, it is in a phase close to the 
group VI, in an approximate age around 7 + 1 years old.

Geometric Morphometrics

Principal Component Analysis
The first three principal components of the PCA, performed 
on the skulls in lateral view, summarize 59.77% of total shape 
variance. Figure 5 shows the relationship between PC1 (29.15% 
of the total shape variance explained) and PC2 (17.16% of the 
total shape variance). Figure 6 shows the relationship between 
PC1 and PC3 (13.56% of the total variance).

Positive PC1 values are associated with low nuchal crest, long 
neurocranium, massive anterior portion of the skull, relatively 
low orbit (Fig. 7). Negative PC1 values are associated with a 
relatively shorter neurocranium, longer anterior portion of 
the skull, and more elevated orbit. This shape corresponds to 
Hip. gorgops-morphology (Figs 5; 6). 

At positive PC2 values the anterior portion of the skull is 
low, the neurocranial portion is large (Fig. 5). At negative 
PC2 values the anterior portion of the skull is higher, the 
zygomatic arch is placed lower (Fig. 5).

Specimens belonging to Hip. amphibius are mainly placed 
at the center of the PC1-PC2 morphospace (Fig. 5).

The skulls belonging to Hip. gorgops are located within the 
fourth quarter of the morphospace and the three specimens 
are very close to each other (Fig. 5).

The two taxa are located in different areas of the morphospace 
and this is also evident in the interactive 3d plot reported in 
the Appendix 3.

Allometry
Figure 8 plots the common allometric component (CAC) and 
the centroid size for each specimen. In Hip. amphibius, CAC 
score and CS are strictly related (standard linear regression 
is significant, p-value = 2.625e-08), and an increase in CS 
corresponds to an increase in CAC score (correlation coef-
ficient performed with function ‘cor.test’ revealed a value of 
0.756) (Fig. 8). This pattern in not evident in Hip. gorgops 
where juvenile specimen, with low CS value, approximates 
the CAC values of the two adult individuals (Fig. 8).

A similar result can be observed plotting CAC values and 
RSC1 (Fig. 9). 

The shape of the skull in Hip. gorgops does not reveal a sig-
nificant variation from juvenile to adult individuals, whereas, 
increasing in age, the skull of Hip. amphibius increase in size 
and changes in shape for the chosen configuration. The cor-
relation between shape and size in Hip. amphibius is highly 
significant (p-value = 0.001 using the function adonis()).

Unfortunately, the sample size for Hip. gorgops is too small 
to test all these relationships.

DISCUSSION

This is, at best of our knowledge, the most complete and 
magnificently preserved cranial specimen of a juvenile 
Hippopotamus gorgops described so far in the fossil record. 
The lack of comparative juvenile specimens makes a species 
attribution of the fossil difficult the identification of this fossil, 
because anatomical characteristics of juvenile individuals are 
not well known.

The new specimen offers important morphological details 
on the juvenile anatomy of Hip. gorgops at the age of around 
7 + 1 years of age, showing that the most significant cranial 
anatomical derivation of this species occurred from a relatively 
early ontogenetic stage (see Fig. 4), in comparison to the extant 
species Hip. amphibius (Weston 2003), such as represented in 
the juvenile specimen AMNH 54248, housed at the American 
Museum of Natural History in New York, of an ontogenetic 
age around 11 years (see Fig. 10), and other specimens used in 
this study. This ontogenetic pattern is evident in the results of 
the GM study (Figs 5-9). Although the available data are not 
enough to exhaustively investigate the allometric trajectories 
within H. gorgops, the work represents the first contribution 

Table 1. — Measurements of the juvenile specimen of Hippopotamus gorgops 
Dietrich, 1928 from Buia, DAN 213 (in mm, Following Harris 1991).

Maximum length of the cranium 595
Length C-occipital condyle 500
Length DP1 to occipital condyle 475
Length DP2 to occipital condyle 420
Length post orbital process-
occipital condyle

140

Length DP3 to postorbital 
process

320

Width at the canines 230
Width at infraorbital foramen –
Maximum width at orbits 230
Minimum width at orbits 170
Width at mastoid 140
Height of the occiput 160 (from top of 

foramen magnum)
Height of the occiput 210 (from base of 

condyles)
Width foramen magnum 58.95
Height foramen magnum 49.0
Width occipital condyles 140
Width palate at DP3 (ext) 105
Width palate at M2 (ext.) 136
Width zygoma 310
Dental measurements Left Right
C L (medio-lateral) 31.5 33.0

W (dorso-ventral) 25.0 23.0
P1 L 21.5 22.9

W 13.4 15.0
P2 L 30.4 30.3

W 19.0 (17.0)
DP3 L 40.9 (38.0)

W 26.0 –
DP4 L 42.6 44.0

Want 28.8 –
Wpost 35.9 37.0

M1 L 54.1 53.4
Want 40.1 39.7
Wpost 43.8 41.5

M2 L (>45) –
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towards a better understanding of ontogenetic shape variations 
in fossil hippopotamids by means of GM data. The results 
obtained for Hip. amphibius reveal a strict correlation between 
size and shape, that needs a more detailed investigation. 
The ontogenetic variations here detected in Hip. amphibius, 
were not highlighted by van der Geer et al. (2018). They 
focused on island hippopotamuses, using a different landmark 
configuration, excluding the top of the orbit and the nuchal 
crest. Nevertheless, van der Geer et al. (2018) recognized 
anatomical variations during the ontogenetic stages in the 
Hip. amphibius skull shape, characterized by elongation of the 
nasal bones and the palate (not much detected here because 
the rostral area of the cranium has been excluded from the 
landmark configuration; see Material and Methods) which 
also become high and wide. Other researchers investigated 
allometric growth of extant hippopotamuses basing on 
linear measurements and traditional morphometrics (e.g. 
Weston 2003) suggesting the neurocranium becomes smaller 
as the hippopotamus grow while the rostral area becomes 
larger; nevertheless, most of allometric changes were detected 
in the mandible (Weston 2003).

Hippopotamus gorgops displays more advanced anatomical 
features than its extant relative Hip. amphibius (i.e., very 
elevated orbits, high occipital crest, shortened postorbital 
region, high-crowned molars, relatively low cingula, splayed 
roots on the upper molars: Coryndon 1970a, 1970b; 
Harris 1991; Weston & Boisserie 2010). This adaptation is 
more developed in the advanced forms of this fossil species 
(Coryndon 1970a, 1970b; Weston & Boisserie 2010), 
having an extremely derived anatomy probably related 
to a more specialized aquatic behavior rather than the 
more conservative extant amphibious form. This general 
morphology is well recorded in the adult individuals of this 
giant hippo species, which are very abundant in the Buia 
assemblage. Such a derived anatomy is characterized by: 1) the 
extremely elevated orbits; 2) nuchal and sagittal crests; and 

3) the elongation of the nasal bones and the palate. This set 
of characteristics is present in the juvenile specimen from 
Buia and less marked in the juvenile sample individuals of 
Hip. amphibius (compare Figure 4 with  Figure 10). Skulls 
of Hip. amphibius and Hip. gorgops at the same ontogenetic 
stage (i.e., class ages 4, juveniles, and 15, adults) are indeed 
plott well-separated of the GM morphospace (Figs 5; 6) 
displaying well defined shapes in lateral view and for the 
considered configuration. Of course, the discovery of much 
more well-preserved skulls of Hip. gorgops, in particular juvenile 
specimens, would be useful to investigate more details of the 
ontogenetic trajectories in this species. The postcranial bones 
of Hip. gorgops still are large in size and stoutly built (see 
Martínez-Navarro et al. 2004b) showing that with its fully 
developed and strong limbs, the individuals of this species 
were able to move well on land, like the extant Hip. amphibius. 
In any case, the interpretation of the differences in cranial 
anatomy of Hip. gorgops in respect to Hip. amphibius, may 
suggest that the derived cranial morphology on the first 
is reflecting a different way of living in water but, most 
probably, it is related to a more water-adapted lifestyle (see 
also Coryndon 1977).

In Europe, the almost coeval and probably closest relative 
species to Hip. gorgops, Hip. antiquus, shows marked simi-
larities in the cranial morphology suggesting a similar life 
style (Stuenes 1989; Martínez-Navarro et al. 2015; Pandolfi 
et al. 2020). Also, a study of a biogeochemical sample from 
the assemblage of the Early Pleistocene site of Venta Micena 
(southern Spain) has demonstrated that the concentration 
of δ 15N in the bones of Hip. antiquus was extremely high, 
suggesting that this species did not eat terrestrial plants and 
was limiting its alimentary income within aquatc plants 
only, since the latter do not fix the atmospheric N2. These 
results are consistent with the interpretation of more spe-
cialized aquatic lifestyle of this European hippo (Palmqvist 
et al. 2003; Martínez-Navarro et al. 2004a, 2015).

E

B

C

D

A F

Fig. 10. — Cranium AMNH 54248, juvenile specimen of Hippopotamus amphibius Linnaeus, 1758  (housed at the American Museum of Natural History, New York): 
A, right lateral view; B, upper view; C, left lateral view; D, lower view; E, posterior view; F, anterior view. Scale bar: 10 cm.
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Because of the similar anatomy between the European 
Hip. antiquus and the African forms Hip. gorgops (juveniles 
and adults), it is suggested here that both species were prob-
ably more specialized in their aquatic habits than the extant 
Hip. amphibius.

CONCLUSIONS

The paleoanthropological site of Buia has yielded one of the 
best late Early Pleistocene fossil records in East Africa. The 
members of the family Hippopotamidae are common and 
abundant animals in Plio-Pleistocene archaeological sites 
and at Buia they are the dominant megaherbivores within 
the mammalian assemblages, where are represented by two 
co-occurring species: Hippopotamus gorgops and aff. Hippo-
potamus sp. (small size).

The juvenile cranial specimen of Hip. gorgops described 
here shows a highly derived cranial anatomy, with elevated 
nuchal and sagittal crests, very elevated orbital cavities, short 
neurocranium, elongated zygomatic arches, and an elongated 
muzzle. This anatomy is similar to that of the adult giants 
forms of Hip. gorgops, showing the diagnostic characters of the 
species evident since an early ontogenetic stage. The functional 
interpretation of such cranial anatomy is probably related as 
a response to an extreme specialization to an aquatic habitat, 
at a much higher degree than both extant and fossil species 
of this evolutionary lineage.
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APPENDICES

Appendix 1. — List of specimens considered in the cranial shape analyses with their repository, relative ages, PC scores and Centroid Size values (see text): 
https://doi.org/10.5852/cr-palevol2022v21a7_s1

Appendix 2. — Estimated class-ages of considered Hippopotamus  Linnaeus, 1758 specimens basing on the tooth-wear pattern: https://doi.org/10.5852/cr-
palevol2022v21a7_s2

Appendix 3. — Animated 3D-plot of PC1, PC2 and PC3 of the considered Hippopotamus Linnaeus, 1758 skulls in lateral view. Red points, Hippopotamus gorgops 
Dietrich, 1928, black points, Hippopotamus amphibius Linnaeus, 1758. Numbers on plotted points and symbols refer to relative ontogenetic stage (see Methods 
and Appendices): https://doi.org/10.5852/cr-palevol2022v21a7_s3
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